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ABSTRACT 

Photometric and spectroscopic observations of the faint Supernovae (SNe) 2002kg and 
2003gm, and their precursors, in NGC 2403 and NGC 5334 respectively, are presented. The 
properties of these SNe are discussed in the context of previously proposed scenarios for faint 
SNe: low mass progenitors producing under-energetic SNe; SNe with ejecta constrained by a 
circumstellar medium; and outbursts of massive Luminous Blue Variables (LBVs). The last 
scenario has been referred to as "Type V SNe", "SN impostors" or "fake SNe." 
The faint SN 2002kg reached a maximum brightness of My = —9.6, much fainter than nor- 
mal type II SNe. The precursor of SN 2002kg is confirmed to be, as shown in previous work, 
the LBV NGC2403-V37. Late time photometry of SN 2002kg shows it to be only 0.6 mag- 
nitudes fainter at 500 days than at the epoch of discovery. Two spectra of SN 2002kg, with 
an approximately 1 year interval between observations, show only minor differences. Strong 
Fell lines are observed in the spectra of SN 2002kg, similar to both the LBV NGC2363-V1 
and the type Iln SN 1995G. The spectrum of SN 2002kg does show strong resolved [Nil] at 
AA6549,6583A . The identified progenitor of SN 2003 gm is a bright yellow star, consistent 
with a F5-G2 supergiant, similar to the identified progenitor of SN 2004et. SN 2003gm, at 
the epoch of discovery, was of similar brightness to the possible fake SN 1997bs and the type 
IIP SNe 1999br and 2005cs. Photometrically SN 2003gm shows the same decrease in bright- 
ness, over the same time period as SN 1997bs. The light curve and the spectral properties 
of SN 2003gm are also consistent with some intrinsically faint and low velocity type II SN. 
The early time spectra of SN 2003gm are dominated by Balmer emission lines, which at the 
observed resolution, appear similar to SN 2000ch. On the basis of the post-discovery photo- 
metric and spectroscopic observations presented here we suggest that SN 2003gm is a similar 
event to SN 1997bs, although the SN/LBV nature of both of these objects is debated. At 226 
days post-discovery the spectrum of SN 2003gm is strangle contaminated by HII region emis- 
sion lines, and it cannot be confirmed that the precursor star has disappeared. The presence 
of strong [Nil] lines, near Ha, is suggested as a possible means of identifying objects such as 
SN 2002kg/NGC2403-V37 as being LBVs - although not as a general classification criterion 
of all LBVs masquerading as SNe. 

Key words: stars : variables : other - stars : individual : NGC2403-V37 - supernovae : 
general - supernovae : individual : 2002kg - supernovae : individual : 2003gm - galaxies : 
individual : NGC 5334 
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1 INTRODUCTION 

The different types of core-collapse supernovae (CCSNe) are pro- 
duced by the gravitational collapse of the nuclei of massive stars 
(Minitiai > 8M ) at the end of their lives. Some of these CCSNe 
are unusually faint and may arise from different types of explosion 
mechanism and, even, other types of objects misclassified as SNe. 
The massive eruptions of Luminous Blue Variables (LBVs) have 
simil arities with s ome observed faint, low-velocity, interacting 
SNe <Zwickvll964 

CCSNe are a heterogeneous class of object demonstratin g a wide 
range of explosion energies and expansion velocities ( Hamuv 
| 2003t lNadvozhirtl2003t lElmhamdi et al J 120031: iPastorellolbOtm 
Zamp ieri et alj 120051) consider a separate branch of subluminous, 
low velocity type IIP SNe, such as 1997D, 1999br and 2005cs. 
SNe with low explosion energies are considered to be produced 
by either massive stars forming black holes, which quench the 
SN explosion, or low mass progenitors giving rise to ONeMg 
cores and electron capture SNe (Heger et al. 2003). Studies of the 
progenitors of these subluminous SNe favour the latter scenario, 
however, which have b een shown to arise from l ow mass progen- 
itors jMaund & SmarttlEooS iMaund et alj|2005h . Low velocities 
are also observed in the spectra of type Iln SNe, for which various 
causes have been proposed. Observations of SNe 1995G and 1998S 
show that in some cases the low-velocity spectral features arise 
from the interaction between the ejecta and a dense circumstellar 
medium (CSM). Spectroscopy of some type Iln SNe reveals 2-3 
veloci ty components in their strong Balmer lines. Pastorel lo et alJ 
(2002) observed, for example, broad, intermediate and narrow 
components to Ha emission in spectra of 1995G. Type Iln SNe 
span a large r ange in brightness from SN 1997cy, at maximum 
My « -20.1 fruratto et all200Cl) . to SN 2000ch, M v « -12.7 
lWag neretalJl2004l) . The Type Iln SNe 1997cy and 1999E are 
possibly associated with Gamma Ray Bursts (GRBs 970514 and 
980910: Fruratto et aljEoQcl: iRigon et alj|2003l) . The combination 
of extremely low velocities and faintness has led to the suggestion 
that some type II SNe are misclassified LBVs undergoing outbursts 
similar to r\ Car fcwickyl 19641) 

Humphreys & Davidso nl <1994h present a review of LBV charac- 
teristics. A handful of LBVs have been identified in the Galaxy 
and a few extragalacti c LBVs, undergoing outbursts, have also 
been discovered (e.g. iDrissen et alj EoOl), The LBV phase is 
an importa nt stage in the evolution of the most massive stars 
(> 4OM0; Humphreys & Davidson 1994) with irregular episodes 
of mass loss, including extreme eruption events. The ejected mass 
goes on to form a CSM, which may be observed as an LBV nebula 
(such as for 77 Car). These massive stars will eventually produce 
a SN which then interacts with this CSM lLamersl ll989). Such 
massive stars are also expected to be progenitors of Gamma Ray 
Bursts when they are in the Wolf-Rayet phase of their evolution 
JWooslevll993l) . 

IZwickvl \ 19641) identified SN 1961V in NGC 1058 as being 
peculiarly faint and having similar characteristics to rj Car; this 
was the prototype for his type V class of SNe. A number of other 
SNe have been noted for their peculiar faintness and low velocities 
and h ave been suggested to be LBVs: S N 1954J ISmith e t alJ 
120011) . 19 78K iRvder et alJll993l) . 1997bs <Van Dvk et alJ | 200C[) . 
1999bw jFilippenko et alJ Il999l). 2000ch I Wagner et alT 120041) 
200 la c iMatheson & CalkindbOoH) and 2002kg JWeis & Bomansl 
120051) . So me of these objects have been referred to as "SN 
impostors" <Van Dvk et all200d) . In the case of SN 1961V it is not 
completely clear if in fact this object was the outburst of an LBV. 



Figure 1. V-band image of NGC 5334 from the Asiago 1.82m Copernico 
Telescope, acquired with the AFOSC camera. SN 2003gm, 13.66 days after 
discovery, is indicated by the cross hairs. On this figure North is up and East 
is left. 



The faint, prolonged and erratic light curve and the low velocities 
(Filippenko et al. 1995) are consistent with an LBV eruption, but 
IChu et alJ 12004) discuss features of SN 1961V, such as the non- 
thermal radio spectrum, which are more in keepin g with a fading 
SN remnant. SN 19861 was suggested by Uomoto 1 1991) to be the 
eruption of an r\ Car-like variable, although late time o bservations 
showed it to be similar to proper SNe iLeibundgut et alJll99lh . 
The decrease in brightness and the disappearance of the identified 
progen itor star of SN 1997bs iLi et alJ I2OO2I) led ISmartt et alJ 
(2003) to suggest that SN 1997bs might be a sub-luminous type 
Iln SN. 

Studies of CCSNe have been enhanced by the identification of 
progenitors in pre-explosion imaging. In the case of the LBVs 
pre-discovery imaging permits a study of the object at its minimum 
level of activity. Some have been shown to be coincident with 
previously identified variable stars, such as SN 1954J = NGC 
2403-V12 jSmith et alJEool) and SN 2002kg = NGC 2403-V37 
IWeis & Bomans i2005l) . It is not currently clear, however, where 
the boundary between outbursting LBVs and intrinsically faint 
type Iln SN falls. The study of two objects designated SNe 2002kg 
and 2003gm, and their precursors, is presented here. Details of 
these SNe and their host galaxies are presented in TableQ 

SN 2002kg was discovered bv lSchwartz et alJ j2003), brightening 
over the period from 2002 October 26 (JD2452573.5) to 2004 
January 1 (JD2453006). SN 2002kg took place in the SABc galaxy 
of NGC 2403, the distance modulus to whi ch has been lim ited by 
Cepheid measurements to < 27.75 (F errarese et al. 2000). Early 
time spectra of 2002kg ( Sch wartz et al] 120031) showed narrow 
Balmer emission lines, which were unresolved with FWHM 
< 500km s - . The peak absolute V-band magnitude was ~ — 9, 
about 7 magnitudes fainter than measured during the plateau 
phase of the normal ty pe IIP SN 1999em {Elmhamdi et alj|2003l) . 
Weis & Bomans 1 2005) compared HST ACS images with ground- 
based Isaac Newton Telescope (INT) images which showed that 
the position of SN 2002kg was coincident with that of the known 

luminous variable NGC 2403-V37. 

SN 2003gm was discovered bv lSchwartz et alJl2003l) on 2003 July 
6.2 (JD2452826.7), in the SBc galaxy NGC 5334. The location 
of SN 2003gm in NGC 5334 is shown as Fig. □ A spectrum of 
SN 2003gm, acquired bv lPatat et alJ 12003). showed a featureless 
continuum dominated by Balmer emission lines. It was noted 
that these emission lines were composed of narrow and broad 
components. The kinematical distance modulus (see Table 0, in 
conjunction with a moderate extinc tion, imp lied the discovery 
absolute magnitude (after Schw artz et alJl2003l) ~ —14.4, similar 
to the maximu m brig htness of the peculiarly faint SN 1999br 
(Pastorello et al. 2004), but faint compared to normal type II SNe 
Ipatat et alJ2003l) . 

In §2 the observations of these two objects are discussed, with the 
results presented in §3. These results are discussed in §4. 
These objects will be referred to as SN 2002kg/V37 and SN 
2003gm throughout this study. The term "epoch of discovery" is 
used to refer to the date at which the objects were identified and 
classified as possible SNe. The term "precursor," therefore, refers 
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Table 1. Details of the objects studied 



Object 02000 feooo Host Galaxy uvir Distance E(B — V)tot 

(km s" 1 ) (m-M) 

SN 2002kg 7 h 37 m 01 s .83 +65°34'29".3 NGC 2403 360 27.56 0.16 

SN2003gm 13 h 52 m 51 s .72 -01°06'39".2 NGC 5334 1433 31.56 1 0.10 

1 Kinematical distance modulus quoted by HyperLEDA (http : / /www — obs.univ — lyonl.fr/hypercat/), assuming Ho = 70kms -1 Mpc -1 . 
^Vir Recessional velocity, quoted by HyperLEDA, corrected for Local Group in-fall towards the Virgo cluster. 
E(B — V)tot, Galactic and internal reddenings quoted by HyperLEDA. 



to the object identified in pre-discovery images. 

2 OBSERVATIONS AND DATA ANALYSIS 
2.1 Photometry 

A journal of the photometric observations is presented as Table|2| 

2.1.1 SN2002kg/V37 

Observations with the Isaac Newton Telescope (INT) Wide Field 
Camera (WFC) of SN 2002kg/V37 were available in the archive of 
the INT Wide Field Survey (WFS) 1 . The site of SN 2002kg/V37 
was observed 1.68 years prior to discovery in the g',r',i', Htv and 
[Olll] bands and 0.29 years post-discovery in Harris V and I bands. 
The WFC is composed of four 4096 x 2048 pixel CCD chips, 
covering a 34' x 34' field of view, with a pixel size of 0.33". 
These observations, along with post-discovery observations, were 
reduced and analysed with the Cambridge Astronomical Survey 
Unit's (CASU) INT WFS pipeline. Further analysis of faint ob- 
jects in these fields, not analysed by the pipeline, was carried out 
using Iraf's DAOPHOT package and the allstar task. These im- 
ages were acquired under non-photometric conditions. B, V and I 
band photometric calibration was provided, therefore, by compari- 
son with a later epoch of HST ACS imaging. Linear transformation 
equations, in particular colours, were calculated for single isolated 
stars readily identifiable in the two sets of imaging. 
The post-discovery INT WFC images were photometrically cali- 
brated against the post-discovery HST ACSAVFC images of SN 
2002kg/V37. The proximity of the Harris V and I filters to the stan- 
dard Johnson-Cousins V and I meant that a colour independent cor- 
rection was applied. 

2.1.2 SN2003gm 

Images of SN 2003gm, in B, V, and I, with the 1.82m Copernico 
Telescope (CTA) Asiago Faint Object Spectrograph and Camera 
(AFOSC) and the 4.2m William Herschel Telescope (WHT) Aux- 
port Camera were r educed in the standard manner in IRAF, using 
the package ccdred <Massevll997l) . AFOSC provides a square field 
of view, with side 8.14' with plate scale 0.47" pix - , and Aux- 
port has a circular field, with diameter 1.8' and scale 0.11" pix" 1 . 
Bias and flatfield corrections were applied with appropriate frames 
acquired during the observing runs. Point Spread Function (PSF) 
photometry was conducted on these frames using the IRAF pack- 
age DAOPHOT. The reduced AFOSC frames were photometrically 



calibrated with stars from the USNO-B1.0 catalogue (Monet et al. 
2003), which fell on the fields of view. Due to the smaller field 
of view the Aux-port imaging was photometrically calibrated by 
comparison with HST WFPC2 F606W and F814W images. HST 
WFPC2 imaging of the location of SN 2003gm was acquired as 
part of program GO-9042 (PI: S. Smartt). The data gathered for 
this program were intended to provide pre-explosion imaging in 
the event of future CCSNe for the identification of the progeni- 
tor objects. The data were retrieved from the HST archive, having 
been passed through the On-the-fly-recalibration (OTFR) pipeline, 
and corrected for geometric distortion with the appropriate cali- 
bration frames. Pairs of images were combined using the STSDAS 
task crrej to remove cosmic rays. Photometry was conducted with 
DAOPHOT with empirically determined aperture corrections and 
PSFs. The updated photometric zeropo ints and charge transfer ef- 
ficiency corrections of Dolphin (2000a) were adopted. Compari- 
son photometry was conducted with HSTPHOT to check for con- 
sistency, but was not used for stars in the vicinity of SN 2003gm 
due to the complexity of this region. Iterations of PSF subtraction 
were used to isolate and measure the individual stars, in the re- 
gion of SN 2003gm, which were identified as point sources in the 
later HST ACS HRC images. The WFPC2 flight system magni- 
tudes were convert ed to stan dard Johnson-Cousins magnitudes us- 
ing the relations o f Holtz man et ail <1995l) . and subsequent updates 
bv lDolphirt <2000bl) . 

Post-discovery images (F435W, F475W, F606W, F625W, F658N 
and F814W) of SN 2002kg, acquired with the HST ACS for pro- 
grams SNAP-10272 and SNAP-10182 (PI: A. Filippenko) with the 
HRC and WFC respectively, were available in the HST archive. 
Three colour imaging (F435W, F555W and F814W) ACS/HRC 
imaging was acquired of SN 2003gm for program GO-9733 (PI: 
S. Smartt). Iterations of PSF photometry, and subtractions, were 
conducted on the images with the DAOPHOT package. Aperture 
corrections were calculated empir ically to 0.5" and su bsequently 
corrected to oo using the values of Sirianni et al. ( 2005). The pho- 
tometr y was corrected for charge transfer efficiency, using the equa- 
tions o f lRiess & MackN2004h . and transformed to Johnson-Cousins 
magnitudes using the relations of Siri anni et alj »2005). 
Comparisons of photometry between the ground-based, WFPC2 
and ACS imaging were complicated by the large differences in 
plate scale. In the case of SN 2003gm there is an improvement 
by a factor of 4 in the plate scale of post-discovery images, ac- 
quired with the ACS HRC, over the pre-discovery images, acquired 
with the WF3 chip of WFPC2. The photometry of bright stars com- 
mon to both the WFPC2 and ACS images was consistent. The post- 
discovery ACS/HRC images of SN 2003gm were acquired for the 
purpose of differential astrometry, with pre-explosion images, and 



1 http://www.ast.cam.ac.uk/~wfcsur/index.php 
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Table 2. Journal of Photometric Observations. 



Pre-discovery Observations 



Object 


Date 


JD 


Phase 


Filters 


Instrument 


Telescope 


Observer 






(2450000+) 


(days) 










SN 2002kg 


2001 Feb 20 


1961.44 


-612.06 


g'.f.i" 


WFC 


INT 


Lennon 




2001 Feb 21 


1962.42 


-611.06 


[Om],Ha 


WFC 


INT 


Lennon 


SN 2003gm 


2001 Aug 29 


2150.98 


-675.72 


F450W. F606W, F814W 


WFPC2 


HST 


GO-9042* 



Post-discovery Observations 



Object 


Date 


JD 


Phase 


Filters 


Instrument 


Telescope 


Observer 






(2450000+) 


(days) 










SN 2002kg 


2003 Feb 08 


2679.49 


105.99 


V, I 


WFC 


INT 


Gilmore 




2004 Aug 17 


3234.65 


661.15 


F475W, F606W, F658N, F814W 


ACSAVFC 


HST 


GO-10182^ 




2004 Sep 21 


3269.57 


696.07 


F435W, F625W 


ACS/HRC 


HST 


SNAP- 10272* 


SN 2003gm 


2003 Jul 20 


2840.36 


13.66 


B,R. I 


AFOSC 


CTA 


Pastorello 




2004 Feb 04 


3039.69 


212.99 


V, I 


Aux-port 


WHT 


Benn 




2004 May 24 


3150.10 


323.4 


F435W, F555W,F814W 


ACS/HRC 


HST 


GO-9733* 



INT= 2.5m Isaac Newton Telescope, La Palma 

HST = Hubble Space Telescope 

CTA = 1.82m Copernico Telescope, Asiago, Italy 

WHT = 4.2m William Herschel Telescope, La Palma 

x PI: S. Smartt 

* PI: A. Filippenko 



Table 3. Journal of Spectroscopic Observations. 



Object 


Date 


JD 


Phase 


Range 


Resolution 


Instrument 


Telescope 


Observer 






(2450000+) 


(days) 


(A) 


(A) 








SN 2002kg 


2003 Mar 1 


2699.31 


125.81 


3200-7000 


5.7 


LRIS 


Keck 


Smartt 




2004 Feb 18 


3053.37 


479.87 


3200-7210 


2 


LRIS 


Keck 


Smartt/Maund 


SN 2003gm 


2003 Jul 16 


2837.38 


10.68 


3970-7050 


1.3 


TWIN 


CA 3.5m 


Aguirre/Aceituno 




2003 Aug 07 


2859.39 


32.69 


3800-6830 


0.8-1.7 


ISIS 


WHT 


Nelemans/Montgomery 




2004 Feb 18 


3053.50 


226.8 


3360-9510 


10.6 


LRIS 


Keck 


Smartt/Maund 



Keck = 9.8m Keck I Telescope, Hawaii, U.S.A. 
CA 3.5m = 3.5m Telescope, Calar Alto, Spain 
WHT = 4.2m William Herschel Telescope, La Palma 



for studies of the surrounding environment. 

The IRAF task imarith was used to subtract narrow band im- 
ages from appropriate broad-band images (for SN 2002kg/V37 
pre-discovery H a-r' and [Olllj-g' and post-discovery ACSAVFC 
F606W-F658N)lWeis & B( imans 2005). A scale factor was applied 
to the narrow band imaging, to match the fluxes of those observed 
to be predominantly-continuum emitting sources in the broad band 
imaging. The subtraction of the scaled narrow band images re- 
moved the continuum emitting sources from the broad band frames, 
leaving objects with either strong absorption (positive features) or 
strong emission (negative features) at narrow band wavelengths in 
the output images. 



2.2 Spectroscopy 



Spectroscopy of SN 2002kg/V37 and SN 2003gm was acquired at 
a number of epochs. A journal of these observations is presented 
as Table [3] The spectra were reduced in the normal manner us- 
ing the IRAF SPECRED, TWODSPEC and LONGSLIT packages. Flat- 
field and bias corrections were applied to the science frames, which 
were subsequently wavelength and flux calibrated using observa- 
tions of arc lamps and flux standard stars acquired during the ob- 
serving runs. The spectra were optimally extracted to the 10% flux 
level, perpendicular to the direction of dispersion, and the sky back- 
ground was subtracted. The FWHM of lines in the spectra of the arc 
lamps were used to estimate the spectral resolution. 
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2.2.1 SN2002kg/V37 

Spectra of SN 2002kg were acquired at two epochs (0.34 and 1.31 
years after discovery respectively) with the Keck I Telescope and 
the Low Resolution Imaging Spectrometer (LRIS). The first ob- 
servation with LRIS, on 2003 Mar 1, used the 300/5000 grating, 
with the 0.7" slit and only the blue arm to acquire the spectrum. 
The spectrum was acquired in a single 1800s exposure, covering 
the wavelength range of 3200-7000A . The second observation, of 
2004 February 18 (0.97 years later), used both the blue and red arms 
of LRIS with the 600/4000 grating on the blue side and 1200/7500 
grating on the red side. This provided better spectral resolution 
and better wavelength coverage than the previous Keck observa- 
tion. Spectra from three 1800s exposures of SN 2002kg were ex- 
tracted separately, and flux and wavelength calibrated, before being 
combined to produce a master spectrum. The 0.7" slit was again 
used for this observation. The same slit position angle was used 
for both Keck observations of SN 2002kg/V37, and is shown on 
Fig-Ht- This slit orientation also permitted the observation of three 
nearby bright objects, which are identified on Fig.|2j: as objects A, 
B and C, and spectra. Spectra of these objects were extracted and 
the ACS/HRC images show that they are not single stars but com- 
posite objects. 



2.2.2 SN2003gm 

Spectra of SN 2003gm were acquired at two early epochs. The 
first observation, acquired by Aguirre and Aceituno, on 2003 July 
16, used the TWIN spectrograph of the 3.5m Telescope at Calar 
Alto. The blue and red arms were used to provide a coverage 
of 3970-5040A and 5960-7050A respectively, with a resolution of 
1.3 A . This o b servat ion, a single exposure of 1800s, was used 
by IPatat et all 120031) to provide the initial classification of SN 
2003gm. 

SN 2003gm was observed with the WHT ISIS spectrograph, on 
2003 August 7. The blue and red arms of the ISIS spectrograph 
were used, with the R600B and R1200R gratings respectively, 
to provide wavelength coverage of 3800-5480A and 6140-6830 
A respectively. The resolutions achieved for the spectra of the blue 
and red arms were 1.7A and 0.8A respectively. A late time spec- 
trum of SN 2003gm was acquired, at the same epoch as the second 
SN 2002kg/V37 observation, with Keck LRIS. Given the faintness 
of 2003gm at the time of the observation (0.62 years after discov- 
ery) a low spectral resolution setting was used with the 300/5000 
grating for both the blue and red arms of LRIS. SN 2003gm was 
observed in 7 separate exposures, the spectra from which were ex- 
tracted and calibrated separately before being combined. The total 
exposure time of the separate observations was 10800s. 
The reduced and extracted spectra of SN2002kg/V37 and SN 
2003gm were analysed with the STARLINK programme DlPSO. 
The spectra were velocity corrected, for the Earth's heliocentric 
velocity at the time of observation and the recessional velocities 
of the host galaxies. The Emission Line Fitting (ELF) software, 
within DlPSO, was used to measure the position, widths and fluxes 
of spectral lines. 



2.3 Differential Astrometry and Progenitor Identification 

The IRAF task geomap was used to calculate the transformation 
between pre- and post-discovery images using the coordinates of 
stars common to both frames. The uncertainty in the positions cal- 
culated between frames was calculated as the sum in quadrature 
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Figure 3. The observed B, V, R and I light curve of SN 2002kg/V37, relative 
to the photometry of the precursor object. The photometric uncertainties of 
data after 661 days are smaller than size of the plotted points. The time 
scale of the x-axis is measured relative to day 0, the epoch of discovery 
ISchwartz et all2003tl . 



of the total uncertainty in the transformation and the scatter in 
the positions of the target estimated from the different centring 
algorithms used in DAOPHOT photometry. The positional scatter 
only becomes significant for estimates of the centres of subsam- 
pled PSFs, and hence only for the HST imaging used in this study, 
as discussed by Maund & Smartt (2005). 



3 OBSERVATIONAL RESULTS 



3.1 Photometric Results 



3.1.1 SN2002kg/V37 

IWeis & Bomansl l2005t) identified the precursor object on these 
pre-discovery images, utilising an absolute astrometric technique. 
This result is confirmed with the pre- and post-discovery images 
presented here. The study presented here utilises the pre- and 
post-discovery images to compare and contrast the behaviour of 
SN 2002kg/V37 with LBVs and SNe. The post-discovery ACS 
HRC F625W image was aligned with the pre-discovery INT WFC 
g' image, using 10 stars common to both images. SN 2002kg/V37 
was readily identifiable on the post-discovery INT/WFC V-band 
and ACS frames. This permitted the precursor object to be iden- 
tified on the pre-discovery frame, with an accuracy of 0.25 INT 
WFC pixels (0.08"). SN 2002kg/V37 and its precursor object are 
identified on post- and pre-discovery images on Fig. [2] 
The photometry of this object from pre-discovery INT/WFC and 
post-discovery INT/WFC, ACS/HRC and ACS/WFC images is 
presented in Table [4] A light curve for SN 2002kg/V37 and its 
precursor is shown as Fig.|5| based on observations presented here. 
An authoritative light curve for SN 2002kg as NG C2403-V37, col- 
lected from a variety of sources, is presented bv lWeis & Bomansl 
(2005). 

The B — V and V — I colours of stars within 2" of SN 2002kg/V37, 
determined from photometry of the ACS/WFC imaging, was used 
to determine E(B — V) = 0.17 ± 0.02, which corresponds to 
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Figure 2. Pre- and Post-discovery images of the site of SN 2002kg/V37 in NGC 2403. The same orientation is used for all six panels, with North up and East 
to the left. SN 2002kg/V37 is located at the centre of each of the panels . a) g' filter image acquired with the INT WFC 2001 Feb 20 (-612.06 days), prior to 
discovery, b) Post-discovery ACS/HRC F625W image, 2004 Sep 21 (+696.07 days), of SN 2002kg/V37, showing its significant increase in brightness from the 
pre-discovery epoch (now comparable to the two nearby stars at 2,-2 and 2,-4). c) Post-discovery INT WFC V-band image, 2003 Feb 08 (+105.99 days), of SN 
2002kg/V37. The dashed line indicates the orientation of the 0.7" slit for both epochs of Keck spectroscopy. The clusters for which spectra were also acquired 
are indicated by the labelled cross hairs, d) Post-discovery, 2004 Aug 17 (+661.15 days), broad band ACSAVFC F606W image showing the complexity of the 
region around SN 2002kg/V37. e) Post-discovery, 2004 Aug 17 (+661.15 days), ACSAVFC F658N (Ha) image, showing SN 2002kg/V37 to be a strong Ha 
emitter, f) Post-discovery, 2004 Sep 21 (+696.07 days), ACS/HRC F625W image of SN 2002kg/V37 (showing the central 10" X 10" section of panel b). 



Figure 4. Emission line subtracted broad band images of the site of SN 2002kg/V37 in NGC 2403. Grey regions indicate locations where the flux in the 
emission line filter is mostly continuum emission, black regions indicate where the flux in both the broad band and emission line filters arises principally from 
the emission line, a) Pre-discovery r'-Ha frame from the INT WFC observations of 2001 Feb 20-21 (-612.06 and -61 1.06 days), SN 2002kg/V37, in the centre 
of the frame, appears black - indicative of a large Ha emission, b) g'-[Om] frame from the INT WFC observations of 2001 Feb 20-21 (-612.06 and -61 1.06 
days). SN 2002kg/V37 does not appear in this subtracted frame, suggesting negligible flux in the [OlII] 5007A line prior to its discovery, c) F658N-F606W 
ACSAVFC image, from 2004 Aug 17 (+661.15 days), showing that post-discovery SN 2002kg is again a readily identifiable Ha emitter. This is also evident 
in the spectra of SN 2002kg/V37 presented in section l3.2.1l 



E{V-I) = 0.29 ±0.03. 

The pre-discovery images provide very poorly constrained colours, 
principally due to the shallowness of g' and i' images, for the 
precursor of SN 2002kg/V37 of (B - V) = 0.4 ± 0.4 and 
(V - 7)o = -0.6 ± 0.6. Post-discovery the colour of SN 
2002kg/V37 was (V - J) = -0.3 ± 0.3. The later post- 
discovery ACSAVFC images show SN 2002kgA/37 to have 
(B - V)o = 0.12 ± 0.02. The change in brightness from the 
epoch of the precursor observations (My ~ —8.2) to that at the 
discovery epoch (0.29 yr later; My ~ —10.4) is modest, with 
AV = —2.2 ± 0.2. The change in brightness is within the range 
of previous photometric variations observed for NGC2403-V37 
IWeis & Bomansll2005l) . The light curve of SN 2002kgA/37 (see 
Flg-E} shows that, post-discovery, the object has not faded rapidly. 
At 582 days post discovery SN 2002kg/V37 is only 0.6mags 
fainter than at the epoch of discovery, although it is not known 
if there was any variability in the intervening period between 
points at which the light curve was sampled. The brightness of SN 
2002kg/V37 in the ACS/HRC F625W imaging is consistent with 
a large contribution of flux from Ha emission, as measured 36 
days previously with ACSAVFC. The subtraction of narrow band 
images from broad band images has been used previously to show 
that the precursor of S N 2002kg/V37 was a strong Ha emitter 
I Weis & Bomans 2005). The subtraction of an [OlII] image from a 
broad band g' image, however, shows nothing at the location of SN 
2002kg/V37 in pre-discovery images, despite revealing a nearby 
ionised region and other diffuse [OlII] emission. A comparison 
of post-discovery ACSAVFC narrow band F658N and broad band 
F606W images shows that SN 2002kg/V37 remains a strong Ha 
emitter. This is demonstrated by the subtraction of the F658N 
image from the F606W image, shown as Fig.|4j;. 



3.1.2 SN2003gm 

Post-discovery imaging with WHT Aux-port was used to limit 
the position of the precursor of SN 2003gm on the pre-explosion 
WFPC2 imaging to within 0.3". This uncertainty is the combi- 
nation of the uncertainty in the transformation between the Aux- 
port and the WFPC2 images and the seeing (a ~ 0.29") of the 
Aux-port imaging. The site of SN 2003gm on the pre-discovery 
image is confused by a number of blended objects. The ACS post- 
discovery imaging was able to resolve the individual components 
of the blended features. The positions of the resolved stars on 
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Figure 6. The light curve of SN 2003gm in NGC 5334. Open squares indi- 
cate points of I-band photometry, and open circles show V-band photometry. 
Unfiltered reported magnitudes are shown as filled circles. 



the ACS frame were transformed to the coordinates of the pre- 
discovery WFPC2 image (Ar « 0.16 WF pixels) and used to re- 
move the PSFs of nearby stars on the WFPC2 image. SN 2003gm 
and its precursor are both easily identifiable, within the area con- 
strained, by the drop in the brightness in the V and I bands be- 
tween the WFPC2 pre-discovery and the ACS post-discovery im- 
ages (Ami ~ +1.5mag). The precursor of SN 2003gm, identified 
with an accuracy of 0.016", occurred on the WF3 chip of WFPC2. 
The photometry of stars, around SN 2003gm, between the WFPC2 
and ACS/HRC imaging is consistent to < 0.3 mag, of the same or- 
der as the magnitude uncertainties of objects on the WFPC2 image. 
The pre-discovery WFPC2 F450W image was not deep enough to 
detect an object at the location of SN 2003gm. SN 2003gm and its 
precursor object are identified on Fig. [3] PSF fitting analysis with 
DAOPHOT and HSTPHOT of the precursor object showed it to be 
consistent with a single point source. Similar PSF fitting analysis 
with the ACS/HRC post-discovery images also showed SN 2003gm 
to be singular. The B — V and V — I colours of stars within 2" 
of SN 2003gm, from the photometry of the ACS/HRC imaging, 
were used to estimate the reddening of E(B — V) = 0.05 ± 0.02 
and, hence, E(V - I) = 0.08 ± 0.03. Photometry of SN 2003gm, 
and its precursor object, is presented in Table [5] The V-band and 
I-band light curves of SN 2003gm are presented as Fig. |6| The 



SN2002kg/NGC2403-V37 and SN2003gm 7 



Table 4. Pre- and post-discovery photometry of SN 2002kg/V37. 



Date 


JD (+2450000) 
(days) 


Phase" 


B 


V 


R 


I 


Unfiltered 


2001 Feb 20 


1961.44 


-612.06 


20.92(0.33) 


20.65(0.15) 




20.94(0.58) 




2002 Oct 26 


2573.5 













19.0(0.3) 


2003 Feb 08 


2679.59 


105.99 




18.49(0.17) 




18.51(0.24) 




2004 Aug 17 


3234.65 


661.15 


19.42(0.01) 


19.13(0.01) 




19.15(0.03) 




2004 Sep 21 


3269.57 


696.07 


19.29(0.07) 




18.643(0.04) 







a The phase is given in days from the date of the reported discovery (JD2452574, Schwartz et al. 2003). 
Bracketed numbers indicate the magnitude uncertainty. 



Table 5. Pre- and post-discovery photometry of SN 2003gm. 



Date JD (+2450000) Phase" B V R I Unfiltered 6 





Source 


(days) 








2001 Aug 29 


WFPC2 


2150.98 


-676.7 ... 24.24(0.13) 


... 23.39(0.23) 




2003 Jun 18.2 


Amateur 


2808.70 


-19 




>19 


2003 Jul 06 


Amateur 


2826.7 







17 


2003 Jul 1 1 


Amateur 


2832.7 


6 




17 


2003 Jul 20 


AFOSC 


2840.36 


13.66 18.48(0.27) 


17.83(0.07) 18.01(0.20) 




2003 Jul 28 


Amateur 


2849.4 


22.7 




17.3 


2004 Feb 04 


Aux-port 


3039.7 


212.99 ... 23.45(0.21) 


... 23.93(0.56) 




2004 May 24 


ACS/HRC 


3150.10 


323.4 26.07(0.09) 25.12(0.07) 


... 24.90(0.08) 




a The Dhase is given in davs from the date of the reported discovery (JD2452827.7.ISchwartz 
6 Unfiltered Magnitudes from the Bright Supernova site 


et alj2003l). with discovery mai 


mitude of f» 



http : //www.rochesterastronomy.org/sn2003/#2003gm. 
Bracketed numbers indicate the magnitude uncertainty. 



precursor object was a star with (V — I)o = 0.8 ± 0.3 and 
Mv = —7.48 ± 0.17. The colour is consistent with a mid-F to 
mid-G yellow supergiant. The discovery magnitudes of SN 2003gm 
{Mi = —13.7) show a large jump in the brightness from the pre- 
cursor object of Ami ~ — 5.4 ± 0.3. As presented in SectionQ 
this is substantially fainter than normal type II SNe. In contrast SN 
1995G, a confirmed SN explosion of type Il n, reached a maximum 
V-band magnitude of ~ —18. 5 IPastorello et all2002l) . The paucity 
of photometric observations of SN 2003gm limits the conclusions 
one may draw from the light curve about the nature of SN 2003gm 
and precludes the application of possible classifying criteria (e.g. 
the presence of a plateau, a linear decline or erratic variability). 
The unfiltered photometric points suggest that the early light curve 
was not rising at the time of discovery. 

3.2 Spectroscopic Results 

3.2.1 SN2002kg/V37 

The two spectroscopic observations of SN 2002kg/V37 were con- 
ducted with the Keck LRIS instrument, with an interval of 0.97yrs. 
The orientation of the 0.7" slit and the clusters which fell along 
the slit, for the two epochs of observations, are shown on Fig.|2j;. 
Flux spectra from the two epochs of spectroscopic observations are 
shown as Fig.0 Despite the interval between the two observations 
there are many similarities between the two spectra. The shape of 
the continua of the two epochs of spectroscopy mirror the photo- 
metric evolution of Fig. [3] with the slope of the continuum flattened 



at the later epoch. Small evolution is perceptible for weak features 
(although the interpretation is complicated by the different reso- 
lutions of the two observations, with a factor three improvement 
in the resolution of the second epoch observation over that of the 
first). These spectra demonstrate, importantly, that broad-band pho- 
tometry will be influenced by the strong H Balmer lines. 
The H Balmer lines dominate the spectra at both epochs, being 
strong relative to the continuum yet narrower at the second epoch 
(Table 6). Strong [Nil] lines are observed at 6549 and 6583A , 
clearly resolved from nearby Ha. The Ha and H/3 lines are seen in 
the first spectrum as pure emission lines, while the higher Balmer 
lines H7 — He are P Cygni profiles (with the absorptions get- 
ting progressively stronger and the emission component weaker). 
The P Cygni absorptions are unresolved, which for Hj implies 
Aw < 350km s _1 . The higher Balmer lines are all in absorption. 
At the second epoch P Cygni profiles are observed for Ha — He. 
The Ha, H/3 and H7 emission components are themselves com- 
posed of narrow and broad velocity components, leading to a nar- 
row peak, with a broad base. The narrow component of Ha is 
just above the resolution limit of the spectroscopic observations, 
whereas the same component of H/3 is unresolved. The broad com- 
ponent of the Balmer lines shows a significant decline in width 
from the first to the second epoch. The profiles of Ha, H/3 and H7 
at the two epochs are shown in Fig.|8| A large variety of species are 
observed in emission in both spectra, in addition to H. The spec- 
trum is very similar to the spectra obtained of the outbursting LBV 
NGC2363-V1. The P Cygni profiles immediately redward of H/3 
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Figure 5. Pre- and Post-discovery images of the site of SN 2003gm in NGC 5334. a) Pre-discovery HST WFPC2 WF3 F606W image of the site of SN 2003gm, 
from 2001 Aug 29 (-675. 72), the precursor object is indicated by the cross hairs. The bright point at 2,-2 is a hotpixel. b) Post-discovery HST ACS/HRC image 
of SN 2003gm, from 2004 May 24 (+323.4 days), which is clearly separated from other components by the exquisite resolution of the ACS/HRC compared to 
WFPC2 WF3. c) Post-discovery Aux-port image of the site of SN 2003gm, from 2004 Feb 04 (+212.99), showing the comparative increase in brightness and 
the area constrained by ground based images for SN 2003gm. 
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Figure 7. Spectra of SN 2002kg/V37. Top Panel Blue flux spectra of SN 2002kg acquired with the Keck LRIS instrument. Bottom Panel Red flux spectra of 
SN 2002kg/V37. These spectra have been corrected for the heliocentric velocity at the epochs of observation and the recessional velocity of the host galaxy 
NGC 2403. The spectrum acquired on JD2452699.31 (+125.81 days) is indicated by the heavy line and the spectrum of JD2453053.37 (+479.87 days) is the 
thin line. The break in the spectrum of JD2453053.7 is due to a gap in the wavelength coverage between the blue and red arms of LRIS. 



are identified as Fell lines, by comparison with NGC2363-V1. The 
identification of these lines as Fell, rather than Hel (e.g. 4923A ), 
is preferred as stronger Hel lines (such as that at 4472A ) are ab- 
sent. Lines from Hell, such as 4686A are absent from the spec- 
trum of SN2002kg/V37. Despite seeing prominent [Nil] emission, 
nebular [Sll] lines at 6717A and 6732A are not significantly de- 
tected. [Olll] emission at 4959A and 5007A is also undetected, 
with a large absorption appearing at 5009A in the interval between 
the first and second observations. The Na I D lines were observed 
in the spectrum acquired on JD2452699.31 and were u sed to esti- 
mate a reddening, with the relationships of Turat to et alj 120031) . of 
E(B - V) = 0.19 - 0.72. This agrees with the low reddening 
estimated from the photometry of nearby stars presented in section 

i3~rn 

Objects A, B and C, as identified on Fig. |5p, were observed to 
be non-singular objects in the ACSAVFC post-discovery images. 
Spectra of these objects are shown as Fig. [5] Objects B and C show 
strong emission line features [Oil] and [Sll] arising from associ- 
ated ionised regions, which is linked to the observed nebulosity on 
the emission line subtracted images on Fig. [4] 



3.2.2 SN2003gm 

The spectra of SN 2003gm sample a broad time range and show 
considerable evolution, when compared with the spectra presented 
in Section 13.2.11 The three epochs of spectroscopy are shown 
as Figs. 1101 and II II Measurements of the strengths and velocity 
widths of certain lines, in these spectra, are presented in Table0 



The two early time spectra, due to the short 22d interval between 
their acquisitions, are similar. In both cases the spectra appear as 
almost featureless continua dominated by Balmer lines. In both 
cases, and similarly to SN 2002kg/V37, these Balmer lines are 
composed of narrow and broad components. The Balmer lines, 
in both spectra, are not observed as P Cygni profiles. Evolution 
of the spectrum of SN 2003gm, between the two epochs of 
early time observations, is demonstrated by the decrease in the 
widths of the Balmer lines. In contrast to SN 2002kg/V37 the 
strengths of the Balmer lines, relative to the continuum, have 
reduced over the interval rather than increased. Spectra with 
higher signal-to-noise might have revealed weaker features and 
the detection of the broad components of higher order Balmer lines. 

The late time Keck spectrum (see Figs. 1101 and llll acquired 0.62 
years after discovery and 0.60 years after the first spectroscopic 
observation of SN 2003gm, shows a completely different spectrum 
to the two early time observations. The spectrum is dominated by 
the Balmer emission lines, and nebular forbidden emission lines. 
The low resolution setting used to acquire this spectrum provides a 
resolution corresponding to a velocity at Ha of 485km s _1 . At this 
resolution none of the observed emission lines are resolved and all 
are adequately fit by single Gaussian profiles. The strength of the 
continuum is greatly reduced compared to the early time spectra, 
with the forbidden lines growing to comparable strengths as the 
Balmer lines. This spectrum is s imilar to HII regions, such as those 
presented by iPasel et alJ Jl979l) . The nebular Hel and [Ol] lines 
observed in late time SN spectra are generally of the same order 
of strength as Ha (Filipp enkol 199% . The faintness of SN 2003gm 
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Figure 8. The evolution of the Balmer line profiles in spectra of SN 2002kg/V37. The spectra from the first and second epoch are shown with the heavy and 
thin lines respectively. 



Table 6. Line strengths of features in the spectra, at two epochs, for SN 2002kg/V37. 





JD(+2450()00) 


2699.31 


3053.37 






Flux" 


FWHM 


Flux 


FWHM 


Line 


Component 




(km s -1 ) 




(km s -1 ) 


Ha 6563A 


narrow 


19.5(0.3) 


330(3) 


22.4(0.3) 


118(1) 




broad 


11.4(0.6) 


1570(70) 


12.2(0.6) 


790(55) 


H/3 4862A 


narrow 


8.1(0.3) 


342(9) 


7.63(0.05) 


177(1) 




broad 


9.3(0.4) 


1960(150) 


4.4(0.1) 


1360(40) 


[Nil] 6549A 




1.8(0.2) 


unres. 


1.2(0.2) 


130(30) 


[Nil] 6583A 




4.2(0.2) 


330(11) 


2.9(0.2) 


114(8) 


Balmer Dec. 6 




1.77(0.06) 




2.66(0.06) 





Bracketed numbers indicate the uncertainties of the preceding values. 
a Flux units 10 — 16 crgs s _1 cm~ 2 A -1 . 

b Ratio of Ha/H/3 of both the narrow and broad emission components, uncorrected for reddening. 
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Figure 9. Spectra of three clusters on the vicinity of SN 2002kg/V37. The spectra were acquired on 2003 March 1 (JD2453699.31), and these objects are 
identified on Fig.l2*t. 
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Figure 10. Blue spectra of SN 2003gm in NGC 5334 acquired 10.68 days (Panel a)), 32.69 days (Panel b)) and 226.8 days (Panel cj) post-discovery. The first 
two epochs show almost featureless continua dominated by strong Balmer emission features. The latest spectrum shows strong Balmer emission along with 
"nebular" emission features. 



Table 7. Line strengths of features in the spectra, at three epochs, for SN 2003gm. 



Line 


JD(+2450000) 
Component 


2837.38 


2859.39 


3053.50 


Flux a 


FWHM 

(km s _1 ) 


Flux a 


FWHM 

(km s" 1 ) 


Flux a 


FWHM 

(km s" 1 ) 


Ha 6563A 


narrow 


20.0(1.4) 


131(12) 


9.8(0.2) 


42(1) 


17.3(0.2) 


403(3) 




broad 


60.8(3.4) 


1472(120) 


38.1(1.3) 


1170(45) 






H/3 4862A 


narrow 


5.8(1.0) 


100(18) 


6.6(0.5) 


166(33) 


5.77(0.05) 


475(5) 




broad 


32.2(4.5) 


1700(205)) 










Balmer Dec. 




2.13(0.28) 




7.3(0.6) 




3.00(0.04) 





Bracketed numbers indicate the uncertainties of the preceding values. 
a Flux units 10 — ^ergss" 1 cm -2 A -1 . 

b Ratio of Hct/H/3 of both the narrow and broad emission components, uncorrected for reddening. 



at the epoch of the acquisition of this spectrum is suggestive that 
this is not a nebular spectrum, but rather an HII region which may 
be related to SN 2003gm or its precursor. The spectra of HII re- 
gions may be used to determine metallicities and this analysis is 
discussed in S ectionBI 

iBresolin et alj {2004) compare the observed flux of Ha and 
H/3 with the intrinsic ratio expected in an HII region. 
Hum mer & Stored ll987l) calculate the intrinsic ratio of these line 
fluxes to be 2.85. The measured value of this ratio, given in Ta- 
ble was 3.00. The logarithmic extinction was calculated to be 
c(H^) = 0.078. This corresponded to a value of E(B - V) = 
0.05, assuming a Cardelli et al. 1 1989) reddening law with Rv = 
3.1. The dereddened fluxes of the nebular lines in the spectrum 
from the latest epoch of observations of SN 2003gm are given in 
TableU 



4 DISCUSSION 

4.1 Estimation of the Metallicities of SN 2002kg/V37 and SN 
2003gm 

The metallicity of SN 2002kg/V37 was estimated from previ- 
ous studies of nearb y HII regions in the host galaxy NGC 2403. 
iGarnett et all J 19971) studied HII regions in NGC 2403 and mod- 
elled the properties of the HII region VS 51, within 31" on the 
sky of the location of SN 2002kg/V37, determining a value of 
12 + log (§) = 8.49 ± 0.09. Another HII region, V44, was stud- 
ied at a similar radial distance to SN 2002kg/V37 with a value of 
12 + log (§) = 8.53 ± 0.10. The radial offset of SN 2002kg, 
from the centre of NGC 2403, falls between those of V44 and 
V51 (2.80kpc and 3.48kpc respectively). The oxygen abundance 
for SN 2002kg/V37 is taken as the mean of these two values: 
8.5 ± 0.1. The sam e result is obta i ned by applying the log-^ vs. 
M B relationship of Pilvug in et all 120041) . with the HyperLEDA 
quoted value of Mb = —19 .52 and adopting the abundance gradi- 
ents of l Pilv ugin et alJ<2004), The solar oxygen abundance of 8.66 
I Aspl und et alj|2004l) implies the metallicity of NGC 2403 at the 
location of SN 2002kg/V37 is 0.7 ± 0.2Z Q . 
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Figure 11. Red spectra of SN 2003gm in NGC 5334 acquired 10.68 days (Panel a)), 32.69 days (Panel b)) and 226.8 days (Panel c) and d)) post-discovery. 
The first two epochs show almost featureless continua dominated by strong Balmer emission features. The latest spectrum shows strong Balmer emission 
along with "nebular" emission features. Panel d) is the same as panel c) rescaled to highlight weak features. Weak emission of Hel (5875A ), [O I] (6300 A ), 
[N II] (6549A and 6583A ) and [S II] (6717A and 6732A ) are detected. These features are more consistent with an HII region. 



Table 8. Dereddened line fluxes of nebular lines in the late time spectrum 
of SN 2003gm 



Table 9. The locations of SN 2002kg/V37 and 2003gm, within their host 
galaxies, and the metallicities estimated for these objects. 



Line 


Flux a 




[OlI]A3727 


191 ±4 


1.33 


H5A4101 


21 ±7 


1.23 


H 7 A4340 


39.2 ± 0.7 


1.16 


[Om] A4959 


29.7 ±0.9 


0.97 


[Om] A5007 


78 ±1 


0.97 


[Nil] A6548 


38 ± 3 


0.71 


Ha A 6563 


285 ±4 


0.71 


[Nil] A6583 


47 ±1 


0.71 


[Sn] A6717 


42 ± 14 


0.68 


[Sn] A6731 


27 ±1 


0.68 



100. 



a Fluxes are given in units of Hg : 
b Assuming a Cardelli et alj ll989t) reddening law with R\ 



■■ 3.1. 



An abundance analysis was conducted on the last spectrum of SN 
2003gm, acqu ired on 2004 Februar y 1 8. The R 23 and 03N2 re- 
lationships, of Bresoli neTall J2004) and Pettini & Pagell J20olh re- 
spectively, were used to estimate oxygen abundance to be 8.48 and 
8.51 using R23 and OSN2 respectively. The uncertainties in the fits 
to the observed spectral lines are much smaller than 2cr uncertainty 
in the OSN2 relation of ±0.25dex. These values imply a metallic- 
ity for SN 2003gm of ~ 0.7 Zq. These results are summarised in 
Tabled 



Object 


Offset (R.A., Decl.) 


Radial Offset 


Metallicity 




from centre of host 


(kpc) 


Z/Z Q 




(arcsec) 






SN 2002kg 


+167.9,-100.2 


3.12 


0.7 


SN 2003gm 


-40.7,11.8 


5.68 


0.7 



4.2 Emission lines, broad-band photometry and 
colour-magnitude diagrams 

The pre-discovery broad-band photometry of both objects is af- 
fected by large unce rtaintie s. In addition, as shown in section|5|(and 
bv IWeis & BomandEoolh SN2002kg/V37 was an unusual emis- 
sion line object already in pre-discovery phase. Thus, the trans- 
formation of colours and magnitudes into luminosity and effec- 
tive temperature using the colour-effective temperature relationship 
for n ormal supergiants iDrilling & Landoltll200rl iKudritzki et alj 
1999) to discuss the physical properties of the objects in the HRD 
does not seem to be useful. Instead, we compare the location of 
SN2002kg/V37 and SN2003gm in the colour-magnitude plane with 
those of similar objects. We will also use the photometry of the 
surrounding stars to estimate the age of the stellar population. This 
simpler and very direct approach will provide important constraints 
on the nature of the objects. 



12 J.R. Maund et al. 




B-V V-I 

Figure 13. Colour-magnitude diagrams of the precursor and the post-discovery behaviour of SN 2002kg/V37. Left Panel The position of the precursor of SN 
2002kg/V37 (*) The positions of six LBVs are also sho wn on the colour-magn itude diagram: R127(o) and R71 (*) from lWoljll989ft . NGC 2363-V1 (+, at 
discovery) from Drissen et al. 1 2001), P Cygni (x) from Markova et al. 1 2001), an LBV candidate identified at minimum in NGC 300 (A) bv lBresolin et alj 
l2002h and an LBV candidate identified in NGC 3621 (□) bv lBresolin et alj|200lh . Right Panel The pre- and post-discovery behaviour of SN 2002kg/V37 are 
indicated chronologically, following the photometric observations listed in Table|4] Overlaid are half-solar metallicity stellar evolution tracks, with the initial 
mass (in solar masses) indicated. 



4.3 SN 2002kg/V37 

The LBV nature of SN 2002kg/V37 has been previously demon- 
strated by Weis & Bomans 1 2005). The results presented here, how- 
ever, show that post-discovery data alone can be used to determine 
the LBV nature of such objects. The spectroscopic study of SN 
2002kg provides a comparison for future LBVs misidentified as 
SNe, which might not be fortunate enough to have been identified 
as LBVs prior to discovery of the "SN." 

The photometry of stars within 2" of SN 2002kg/V37 was 
used to estimate an age (see Fig. II by comparing their 
positions on a colour-magnitude diagram with theoretical 
isochrones (from the database of non-rotating stellar evolu- 
tion models of the Gene va group and associated isochrones 
iLeieune & Schaererll200lh ). A bimodal age distribution is ob- 
served composed of young (log(age/years) = 6.4 — 7) and old 
(log(age/years) = 7.6 — 7.9) populations. Stars from these two 
populations are evenly distributed together over the 12.5 square arc- 
second region around SN 2002kg/V37. The age of the young stel- 
lar population is consistent with the lifetimes of massive stars with 
Mzams > 2OM0 , with the lowest age permitted by the uncertain- 
ties including the 2.5Myr lifetime of 12OM0 stars. The uncertainty 
in the age of the younger stellar population arises from the prox- 
imity of the low age isochrones to each other. The age of the older 
population implies a maximum mass of 6M© for the component 
stars. This implies that NGC 2403 has undergone a recent epoch 
of star formation, at the same location as previous generations of 
stars. A worthwhile study would be to use the acquired spectra, or 
expanded broad band photometry, of the nearby clusters to estimate 
an age, in a similar manner to that of lMafz-Apellaniz et al] 120041) . 
to see if these are similar to the age of the young population of 
"field" stars. If one considers SN 2002kg/V37 to be either an SN 
or an LBV then the age requirements for both of these phenomena 
require the precursor to be a member of the younger stellar popula- 
tion. 

The brightness and colour of the SN 2002kg/V37 and its precur- 
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Figure 12. Colour-magnitude diagram showing the positions of stars, 
in NGC 2403, within 2" of SN 2002kg/V37. Overlaid are half-solar 
metallicity isochrones shifted for the reddening, extinction and distance 
to NGC 2403. A bimodal age distribution is observed with young 
(log(age/years) < 7.1) and old (log(age/years) = 7.6 ±0.1) stellar 
populations. 

sor are shown on the colour magnitude diagrams of Fig. \H\ The 
positions of a number of other LBVs, at outburst and during qui- 
escence, are also plotted for comparison on the left-panel of Fig. 
1131 The uncertainty of the pre- and post-discovery colours does not 
permit an accurate discussion of the relative change in colours be- 
fore and after discovery. The location of the precursor is in the re- 
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gion of the colour-magnitude diagram where LBVs in quiescence, 
such as P Cygni l Mar kova et all200lh . are found. The evidence for 
strong Ha emission in pre-discovery imaging is indicative that the 
precursor of SN 2002kg/V37 was not a standard blue supergiant. 
The change in absolute brightness from the pre-discovery to the 
post-discovery state is small, of the same order as variability previ- 
ously observed for NGC2403-V37. This may be compared with the 
change of absolute brightness observed for the progenitors of CC- 
SNe such as the peculiarly faint SN 1999br, where AM V < -7.6. 
The change in brightness observed for SN 2002kg/V37 between the 
pre- and post-discovery states is small compared to that of LBVs 
where, following the scheme of IHumphrevs & Davidsonl 1 1994b . 
such a magnitude difference constitutes a "large excursion" rather 
than an "eruption." 

SN 2002kg follows the general trend of S Dor variables which 
are blue during quiescence and proceed to the red upon outburst, 
as the increase in radius causes a drop in tempe ratu re as the out- 
burst occurs at a constant luminosity iWolj[l989l) . A key test 
would be to check if the pre-discovery state lies on the S Dor 
strip and the post-discovery state lies on the constant temperature 
strip for outbursting LBVs on the HR diagram, between which 
LBVs move as they change fro m their quiescent state to outburst 
(Hum phreys & Davidsonlll994l) . A number of well studied LBVs 
are observe d to lie in e ither one of these strips or vary between 
them iSmith et af1l2004l) . The placement of LBVs on the HR dia- 
gram requires an accurate effective temperature, which can only be 
determined with a model atmosphere analysis. 
The photometric observations, reported on Fig. [3] show that SN 
2002kg/V37 has maintained its brightness over a period of at least 
700 days. Type IIP SNe may, as a consequence of the retention 
of the progenitor's massive H envelope, maintain their brightness 
over a period of ~ 100 days (e.g. 1999em: Elmhamdi et al. 2003; 
lHamuvl2003l) . followed by a steep decline following the decay life- 
times of radioactive elements such as 56 Ni. The light curve of SN 
2002kg is also at odds with the shallow linear decay o bserved for 
low velocity interacting SNe such as 1988Z iTuratto et aT]|l993h 
and 1995G ( Pastorell o et alj|2002h . which for interacting SNe is 
due to the conversion of kinetic energy to radiation as a conse- 
quence of the interaction of the ejecta with the CSM. The prolonged 
period of brightness is, however, similar to the observed ligh t curve 
of the peculiar SN 1961V, which plateaued for ~ 3 months (Zwicky 
1964). This is also similar to the light curves reporte d for a num- 
ber of LBVs such as n Car IHumphrevs ; et alJll999h. NGC2 403- 
VI 2(1 9541) iTammann & Sandagelll968t ISmith et alj|200ll) and 
NGC 2343-V1 torissen et all200lh . SN 1997bs showed, however, 
a significant drop in the brightness over a similar time frame. 
The spectroscopic observations of SN 2002kg/V37 showed minor 
evolution over the interval of 0.97yrs. This is simila r to the long 
term behaviour of the LBV NGC 2363-V1 jDrissen et alJl200lh 
but not with normal type II SNe (Hamuv 2003). The reduction 
in the velocity widths of the Balmer lines is much smaller than 
for the type Iln SN 1995G JPastorello etail E002). inconsistent 
with a coasting phase. The spectrum of SN 2002kg/V37 is very 
similar to that of NG C2363-V1 and the spectrum of SN 1997bs 
jVan Dvk et al. 2000), such as the relative line strengths and line 
widths. The spectra of SN 2002kg/V37 contain many features, al- 
beit narrower, that are found in the spectrum of SN 1995G. The 
strong Fell lines in the spectrum are consistent with those observed 
in LBVs such as NGC2363-V1 and are sometimes assumed to be 
a classification criterion for identifying LBV outbursts. There are, 
however, a large number of Fell lines are also observed in the spec- 
tra of SN 1995G IPastorello et all2002l) and no Fell lines are seen 



in the "Fake SN" SN 2000ch IWasner et all2 004). SN 2002kg/V37 
does show, however, strong [Nil] lines, either side o f Ha, whic h 
are not observed in the type Iln SN 1995G JPastorello et all2002h . 
These strong lines are indicative of raised nitrogen abundance in 
an "LBV nebula," formed from ejection of N rich material sur- 
rounding the LBV ISmith et alJ 1998). The presence of these lines 
is important due to the conspicuous absence of other nebular lines, 
such as those listed in Table [8] implying a raised N abundance. 
The strengths of the [Nil] lines, relative to Ha, reported here 
are smaller than those observed in the LBV nebulae studied by 
ISmithetalJ<1998h . This is because SN 2002kg/V37 is not-spatially 
resolved from the nebula and so, the observations reported here, 
contain flux from the star in additi on to t he nebula. Other "nebu- 
lar" lines observed by ISmith et alJ il998) in the LBV nebulae of 
R127, SI 19 and R143 show the other "nebular" lines are < 20% 
the strength of the [Nil]. The strengths of the [Nil] lines might 
be used as a classification criterion for LBVs, which have been 
originally identified as SNe. This requires the FWHM of Ha to 
be < 1820km s~\ to resolve the [Nil] line at A6582A , and to 
have good signal-to-noise. This FWHM limit is less than half that 
observe d for the broad com ponent of Ha in early spectra of SN 
1995G l Pastorello et al. 2002). The photometric and spectroscopic 
observations of SN 2002kg/V37 show that this object was and 
is an LBV, and present template observations with which future 

LBV/SNe candidates can be compared. The diverse range of phe- 

i r I I, 

nomena observed for LBVs IHumphrevs & Davidson 1994) means 

that the more data available for definitively classified objects, the 
better future classification will be. Having confirmed the LBV na- 
ture of SN2002kg/V37 it seems important to obtain accurate infor- 
mation about effective temperature, luminosity and chemical com- 
position. This can be accomplished through a quantitative spec- 
tral analysis of our emission line spectra using spherical extended 
non-LTE line blanketed model atmospheres including stellar winds. 
Such work for emission line stars in g alaxies beyond the Lo cal 
Group has been carried out recently by iBresolin et alJ 120021) in 
NGC 300 and bv lDrissen et all 1200 ll) for the LBV NGC2363-V1. 
This will be the next step of our work. 

4.4 SN 2003gm 

The ACS/HRC images were used to provide photometry of stars 
within 2" of SN 2003gm (see Fig. 1141 . This photometry was plot- 
ted on a colour magnitude diagram, with half-solar metallicity 
isochrones (appropriately shifted for the reddening, extinction and 
distance to NGC 5334 = 20.5Mpc) to estimate an age for these 
stars. An approximate age of log(age/year) = 7.1 ± 0.2 was es- 
timated from this colour-magnitude diagram, which is similar to 
that determined for SN 1997bs in M66 (see Fig. 1161 . This corre- 
sponds to the lifetime of stars with initial masses of ~ 25Mq . This 
is lower than the 40Mq initial mass threshold fo r stars to un dergo 
an LB V phase in the standard "Conti" scenario (M aeder & Contil 
Il994l) . The position of SN 2003gm and its precursor on the colour 
magnitude diagram are compared with stellar evolution tracks on 
Fig. 1151 The precursor appears consistent with a yellow super- 
giant, with Mzams = 20Mq. The error bars for the position of 
the precursor also enclose the points of termination of tracks for 
stars with Mzams ~ 22 — 23Mq. The stellar evolution tracks 
of the Geneva group predict that the SN progenitors of stars with 
Mzams < 20Mq should be red supergiants, with stars in the 
20 — 25Mq range being yellower. In the case of an LBV one might 
not expect that this colour is representative of the star itself, rather 
it would be representative of the nebula surrounding the LBV in a 
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V-I V-I 

Figure 15. Colour-magnitude diagrams showing the positi on of the pre cursor of SN 2003gm (*). Left Panel The positions of three LBVs are also sh own on 
the colour-magnitude diagram: R127(o) and R71 (*) from lWolJ Il989t) and an LBV candidate identified in NGC 3621 (□) bv lBresolin et all 1200 ll) . Right 
Panel The pre- and post-discovery behaviour of SN 2003gm are indicated chronologically, following the photometric observations listed in TablelBI Note that 
the V-band magnitude at discovery, point 2, is assumed to be the same as the reported unfiltered magnitude at days, and the corresponding I-band magnitude 
is that of 12.7 days. Overlaid are half-solar metalhcity stellar evolution tracks, with initial masses indicated 
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Figure 14. Colour-magnitude diagram showing the positions of stars, from 
NGC 5334, within 7.5" of SN 2003gm. Overlaid are isochrones, for half- 
solar metallicity, shifted for the reddening, extinction and distance to NGC 
5334. An approximate age of log(age/year) = 7.1 ± 0.2 is estimated 
from this diagram. 



similar manner to the Homonculus shrouding r\ Car. Similarly in 
the case of SN progenitors circumstellar dust will cause the ob- 
served colours to deviate from the actual colours of the progeni- 
tor, aff ecting the inferred spectral type of the progenitor. Ili et all 
1 2005) reported the discovery of a yellow supergiant progenitor for 
a, seemingly, normal type IIP SN 2004et. A yello w supergiant was 
observed as the progenitor of SN 1993J l Alderin g et aljfl994h . al- 



though this was due to the heavy stripping of the H envelope by a 
binary companion. The brightness of the prec ursor is sim ilar to that 
of the precursor of SN 1997bs (My w -7.4. IVan Dvk et alll999l) . 
although there was no colour information for the latter. 
The light curve for SN 2003gm (see Fig.[6j decays over a similar 
period to which SN 2002kg/V37 was observed to remain at approx- 
imately constant brightness. Caution is required with the interpre- 
tation of the light cur ve of SN 2003gm, w hich may have varied 
between observations. Wagner et al. 1 2004 ) showed, however, the 
erratic light curve of an apparent LB V outburst, SN 2000ch, had 
a sharp decline after maximum light. IZwickvl 1 19641) also showed 
the light curve of SN 1961V was erratic. Another LBV can didate, 
1997b s, showed a smooth behaviour post-discovery JVan Dvk et alJ 
2000). This suggests that the shape of the light curve immediately 
post-maximum is not suitable for identifying LBV outbursts origi- 
nally classified as SNe. 

The absolute unfiltered magnitude at discovery M ~ —14 is 
simila r to the bri ghtnesses for the peculiarly faint SN 1999br 
( Pasto rello et all2 004) and the proposed SN imposto rs SN 1961V 
Zwickvl 19641) and SN 1997bs JVan Dvk et all200d) but ~ lmag 
brighter than SN 2000ch at maximum brightness IWagner et alJ 
2004). At max imum brightness th is is still ~ 3mags brighter than 
NGC2363-V1 jPrissen et al. 2001), and corresponds to an increase 
in brightness from the precursor of AMy ~ — 7. The late time 
light curve of SN 2003gm is compared with the late time light 
curves of the "SN impostor" SN 1997bs, the peculiarly faint SN 
1999br and type Iln SN 1995G on Fig.fTTl 

The two early time spectra of SN 2003gm appear very similar to 
spectra of SN 2000ch (Wa gner et all2004l) . composed of a feature- 
less continuum with large B aimer emission lines. The host galaxy 
of SN 2003gm is twice the distance of the host of SN 2000ch and 
hence the spectra are noisier than those published of SN 2000ch. 
Similarly to SN 2000ch [Nil] lines are not observed, as might be 
expected in LBV outbursts, but this may be a consequence of the 
poor signal to noise rather than the absence of [Nil]. The widths 
of the Balmer lines are observed to narrow between the first two 
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Figure 16. Colour-magnitude diagram showing the locus of stars within 
4" of SN 1997bs in M66. 700s F555W and F814W images from HST 
WFPC2, from the 2001 March 04 and 2001 February 24 respectively, 
were photometered separately using HSTphot. Overlaid are solar metal- 
licity isochrones in the WFPC2 photometric system, for log(age/years) 
7.0 (solid), 7.1 (dashed), 7.2 (dot-dashed) and 7.3 (dotted). The isochrones 
were shifted for the distance, extinction and reddening towards M66, using 
the values for these pa rameters given bv|Van D vk et alJ f200C> (fi = 30.28, 
E(B - V) = 0.21V lVan Dvk et alJ l200fjt) presented a colour- magnitude 
diagram based on the same dat a as this figure. A smaller sample area, com- 
pared to lVan Dvk et alJ <200cl) . has been used (50 sq." vs. 240 sq."), pro- 
viding an estimate of the age which is much more appropriate to SN 1997bs. 
The age of the surrounding stars is log(age/years) = 7.15 ± 0.1. The 
bright object at the top of the colour-magnitude diagram is a cluster in the 
vicinity of SN 1997bs. 
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is similar to that observed for SN 1997bs, covering approximately the same 
amount of time. 



epochs of spectroscopy. The fading of SN 2003gm, i.e. the way 
in which SN features have faded to reveal the spectrum of an HII 
region, is similar to the way in which SN 1997bs faded lli et alJ 
2002). The manner in which both S N 2003gm and SN 19 97bs 
faded contradicts the suggested rule of I Van Dvk et alJ fcOOOh : that 
the precursors of LBVs should remain visible after their outburst. 
The spectrum of SN 1997bs, presented bv IVan Dvk et alJ (2000), 
shows similar Balmer features to SN 2003gm, as well as showing 
significantly detected Fell lines, which would probably not have 
been detected in the SN 2003gm spectra due to the levels of noise. 
The last spectrum shows features consistent with an ionised HII re- 
gion. This ionized region could be the host for the progenitor of an 
SN, ionized prior to explosion, or could be unrelated. The metallic- 
ity determination for SN 2003gm shows no abundance anomalies. 
A comparison of line strength ratios from the last spectrum of the 
site of SN 2003gm with the locus of normal HII regions on the 
1ok([NH1 6583A/Hq) vs. loK([O IIIl5007A/H/j) dia gram, as pre- 
sented by Kauffmann et al. 1 2003) as their Fig. 1, shows no unusual 
line strengths. The line strength ratios are inconsistent with those 
observed from the forbidden lines of Seyfert and LINER galaxies, 
environments which host large shocks that might be expected when 
SN ejecta collides with the CSM. The ratio of the [Nil] 6583A line 
strength to that of Ha suggests the ionised region is not an LBV 
nebula. In an LBV nebula one expects to see the skewed N abun- 
dance due to the mass loss of N rich material as the LBV was un- 
dergoing outburst and the elevated levels of mass loss expected for 
LBVs during minimum. 

The combination of low luminosity and low velocities suggest that 
if SN 2003gm is indeed a SN then it is a very under-energetic one. 
Zampieri et al. (2003) predict that progenitors with Mzams > 
2OM0 may form black holes and are, hence, quenched. SN 
2003gm is similar to SN 1997bs, but an authoritative argument for 
the LBV nature of the latter has not been put forward. 



5 CONCLUSIONS 

Post-discovery photometric and spectroscopic observations of two 
faint, low velocity outbursts have been presented here. 
The post-discovery observations of SN 2002kg/V37 are consistent 
with the conclusion of Weis & Bomans (2005), who identified SN 
2002kg as being the previously identified LBV NGC2403-V37. 
The photometric behaviour of SN 2002kg has been shown to be 
inconsistent with the behaviour of normal interacting type II SN, 
maintaining its approximate brightness over a period of just under 
2 years. The spectroscopy of SN 2002kg/V37 shows it to be sim- 
ilar to other identified LBVs, such as NGC2363-V1. Strong [Nil] 
lines were observed in the spectrum, in common with other LBVs, 
and this feature is suggested for the classification of misidentified 
LBVs. The results of this work show that the LBV nature of a SN 
candidate may be determined over a long period. If the [Nil] lines 
can be used to identify LBVs, then this work also shows that these 
features are present in very early spectra and can lead to a classifi- 
cation without the need for observations over an extended period. 
The nature of SN 2003gm is unclear, although it is photometri- 
cally and spectroscopically similar to SN 1997bs . The photomet- 
ric behaviour of both of these objects, from the limited observa- 
tions, could fall within the "general envelope" of the behaviour ex- 
pected for LBVs. The LBV characteristic features observed in SN 
2002kg/V37 were not observed in SN 2003gm. Future observations 
of both SN 1997bs and SN 2003gm will show if either of these ob- 
jects are recurrent variable stars. High resolution deep imaging of 
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the sites of SNe 1997bs and 2003gm will show whether the precur- 
sor object has disappeared, and long term obse rvations, similar to 
those of NGC2403-V37 <Weis & Bomansl2005h . will show if these 
objects are recurrent. 

Progenitor observations have permitted the determination of the 
relative increase in brightness of the precursor to the objects dis- 
covered as SN 2002kg/V37 and SN 2003gm. In the case of the for- 
mer the increase in brightness is small. In the case of SN 2003gm 
the increase in brightness, while modest, is significantly brighter 
than most LB Vs. 

Velocity and brightness criteria cannot be used as a definitive classi- 
fication technique. SN 2002kg/V37 was of sufficient faintness as to 
make it extremely unlikely to be a SN. SN 2003gm was, however 
of similar brightness to SN 1997bs and only slightly fainter than 
SN 1999br at the time of discovery. Strict brightness and veloci- 
ties limits on the classification scheme would preclude the possible 
identification of potential sub-luminous type Iln SNe, rather iden- 
tifying them as LB Vs. 

Spectroscopic classification of these objects with, for example, the 
[Nil] lines is a promising way of distinguishing between the two 
types of events in the future. An archive of observations of these ob- 
jects, for example made available through the SUSPECT website 3 , 
would permit careful comparison of the properties of such objects 
discovered and help provide definitive classification criteria in the 
future. 
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